Objectives-The main challenges facing composite restorations are secondary caries and bulk fracture. The objectives of this study were to synthesize novel nanoparticles of amorphous calcium phosphate (NACP), develop NACP nanocomposite with calcium (Ca) and phosphate (PO 4 ) ion release to combat caries, and investigate the effects of NACP filler level and glass co-filler reinforcement on composite properties.
Introduction
Approximately 200 million dental restorations are placed annually in the United States [1] . Resin composites, consisting of fillers in a polymer matrix, are increasingly popular due to their esthetics, direct-filling ability, and enhanced performance [2] [3] [4] [5] [6] . Previous efforts have significantly improved the resin compositions, fillers types, and cure conditions [7] [8] [9] [10] [11] [12] [13] . However, recent reports showed that "The two main challenges are secondary caries and bulk fracture" [14, 15] . Caries at the restoration margins is a frequent reason for replacement of existing restorations [16] , which accounts for 50-70% of all restorations [17, 18] . Replacement dentistry costs $5 billion/year in the U.S. [19] . Therefore, there is a need for mechanically-strong composites with caries-inhibition capabilities.
Calcium phosphate (CaP) particles have been filled into resins to develop composites with remineralizing capabilities [20] [21] [22] [23] [24] [25] . One group of composites contained amorphous calcium phosphate (ACP) fillers, with ACP particles having a median diameter of 7.4 µm [26] . Another study reported an ACP median diameter of 55 µm [27] . These composites are promising because ACP is a precursor that forms initially and then transforms to apatite [28] . Hydroxyapatite [HA: Ca 10 (PO 4 ) 6 (OH) 2 ], the structural prototype of the major mineral component of teeth and bones, is the final stable product in the precipitation of calcium and phosphate ions in neutral or basic solutions [29] . Indeed, the ACP composites released supersaturating levels of calcium (Ca) and phosphate (PO 4 ) ions in aqueous solutions, and effectively remineralized enamel lesions in vitro [27] . One drawback of the ACP composites is that they are mechanically weak, with flexural strength about half that of unfilled resin [20] . Such a low strength was "inadequate to make these composites acceptable as bulk restoratives" [21] . Therefore, there is a need to develop load-bearing ACP composites for a wide range of tooth cavity restorations.
Recently, CaP particles were combined with reinforcing whiskers or glass particles to yield composites with Ca and PO 4 ion release and good mechanical properties [24, 30, 31] . These composites achieved Ca and PO 4 release similar to previous CaP composites, while their mechanical properties nearly matched commercial load-bearing composites without ion release. Another study combined CaF 2 nanoparticles with reinforcing fillers to develop composites with fluoride release and stress-bearing capability [32] . A literature search revealed no report on the synthesis of nanoparticles of ACP (NACP) or dental composites containing NACP.
Therefore, the objective of the present study was to develop the first NACP dental composite with load-bearing and caries-inhibiting capabilities. It was hypothesized that combining NACP with esthetic glass fillers would yield photo-cured composite with high levels of Ca and PO 4 ion release and improved mechanical properties, and the composite would be "smart" to greatly increase the ion release at acidic, cariogenic pH, when these ions are most needed to inhibit caries.
Materials and methods

Synthesis of ACP nanoparticles
A spray-drying technique was used to make NACP. While nanoparticles of HA [33] , dicalcium phosphate anhydrous (CaHPO 4 , or DCPA) [24] and CaF 2 [32, 34] were recently reported, ACP (Ca 3 [PO 4 ] 2 ) nanoparticles are reported here for the first time. ACP is important because it is a precursor that can convert to apatite, similar to the minerals in tooth enamel and dentin. A spraying solution was prepared by adding 1.5125 g of acetic acid glacial (J.T. Baker, Phillipsburg, NJ) into 500 mL of distilled water. Then, 0.8 g of calcium carbonate (CaCO 3 , Fisher, Fair Lawn, NJ) and 5.094 g of DCPA (Baker) were dissolved into the acetic acid solution. This solution was then added with distilled water to a total of 1 liter. The final Ca and PO 4 ionic concentrations were 8 mmol/L and 5.333 mmol/L, respectively. This yielded a Ca/P molar ratio of 1.5, the same as that for ACP. The acetic acid concentration was 25 mmol/L. This solution was sprayed at a feed rate of 10 mL/min, through a nozzle (PNR, Poughkeepsie, NY) that was situated on a spray chamber with heated air flow. An electrostatic precipitator (AirQuality, Minneapolis, MN) was connected to the lower end of the column and drew air from the column to create a steady flow of air/ mist. The water/volatile acid were evaporated into the dry, heated column and expelled from the precipitator into an exhaust-hood. The dried particles were collected by the electrostatic precipitator.
The collected powder was examined with X-ray diffractometry (XRD, DMAX2200, Rigaku, Woodlands, TX). The specific surface area of the powder was analyzed using a multipoint-BET (Brunauer, Emmet, and Teller) method (AUTOSORB-1, Quantachrome, Boynton Beach, FL) and transmission electron microscopy (TEM, 3010-HREM, JEOL, Peabody, MA).
Nanocomposite fabrication
Barium boroaluminosilicate glass particles of a median diameter of 1.4 µm (Caulk/Dentsply, Milford, DE) were selected as a co-filler because it is a typical dental glass filler similar to those in a hybrid composite (TPH, Cault/Dentsply). The glass particles were silanized with 4% 3-methacryloxypropyltrimethoxysilane and 2% n-propylamine (mass %) [35] . A resin of Bis-GMA (bisphenol glycidyl dimethacrylate) and TEGDMA (triethylene glycol dimethacrylate) at 1:1 mass ratio was rendered light-curable with 0.2% camphorquinone and 0.8% ethyl 4-N,N-dimethylaminobenzoate.
Four composites were made with the following fillers: (1) 0% NACP + 75% glass (all mass fractions); (2) 10% NACP + 65% glass; (3) 15% NACP + 60% glass; and (4) 20% NACP + 50% glass. The total filler mass fraction was 75% except for (4) which had 70%. This was because with 20% NACP, the paste was relatively dry at 75% total filler level. NACP filler levels higher than 20% were not used in order for the NACP nanocomposite to have mechanical properties matching/exceeding a commercial control composite. The fillers and resin were mixed and the paste was placed into a stainless steel mold of 2×2×25 mm 3 . The specimen was photo-cured (Triad 2000, Dentsply, York, PA) for 1 min on each side. All the specimens were cured in air. The specimens were then incubated at 37 °C for 24 h prior to testing.
Two commercial materials were used as comparative controls. A composite with nanofillers (40-200 nm) and a low level of fluoride release served as a control (Heliomolar, Ivoclar, Ontario, Canada). The fillers consisted of silica and ytterbium-trifluoride (total filler mass fraction = 66.7%). Heliomolar is indicated for Class I and Class II restorations in the posterior region, Class III and Class IV anterior restorations, Class V restorations, and pit and fissure sealing in molar and premolar teeth. A resin-modified glass ionomer (Vitremer, 3M, St. Paul, MN), another control, consisted of fluoroaluminosilicate glass, and a lightsensitive, aqueous polyalkenoic acid. Indications include Class III, V and root-caries restoration, Class I and II in primary teeth, and core-buildup. A powder/liquid ratio of 2.5/1 was used (filler mass fraction = 71.4%) according to the manufacturer. Both materials were photo-cured.
Flexural testing
Flexural strength and elastic modulus were measured using a three-point flexural test with a 20-mm span at a crosshead-speed of 1 mm/min on a computer-controlled Universal Testing Machine (5500R, MTS, Cary, NC). Flexural strength was calculated by: S = 3P max L/(2bh 2 ), where P max is the fracture load, L is span, b is specimen width and h is thickness. Elastic modulus was calculated by:
, where load P divided by displacement d is the slope of the load-displacement curve in the linear elastic region.
Ca and PO 4 ion release
A sodium chloride (NaCl) solution (133 mmol/L) was buffered to three different pHs: pH 4 with 50 mmol/L lactic acid, pH 5.5 with 50 mmol/L acetic acid, and pH 7 with 50 mmol/L HEPES. Following previous studies [24, 25] , three specimens of approximately 2×2×12 mm 3 were immersed in 50 mL of solution at each pH, yielding a specimen volume/solution of 2.9 mm 3 /mL. This compared to a specimen volume per solution of approximately 3.0 mm 3 /mL in a previous study [20] . For each solution, the concentrations of Ca and PO 4 released from the specimens were measured at 1, 3, 7, 14, 21, and 28 days (d). At each time, aliquots of 0.5 mL were removed and replaced by fresh solution. The aliquots were analyzed for Ca and PO 4 via a spectrophotometric method (DMS-80 UV-visible, Varian, Palo Alto, CA) using known standards and calibration curves [20, 22] . The released ions were reported in cumulative concentrations.
One-way and two-way ANOVA were performed to detect the significant effects of the variables. Tukey's multiple comparison test was used to compare the data at a p value of 0.05.
Results
Fig . 1A shows the spray-dried NACP powder. The NACP particles appeared to have sizes of about 100 nm. The particles appeared to contain many smaller particles and had numerous spherical protuberances on the surfaces, suggesting that they were formed during the sprydrying process through the fusion of much smaller particles. The XRD pattern in (B) showed that the powder was amorphous. The BET method yielded a NACP surface area A = 17.76 m 2 /g. With ACP density ρ = 2.9 g/cm 3 , the particle diameter d = 6/(A ρ) = 116 nm, which is consistent with TEM observations. The composite mechanical properties are plotted in Fig. 2 : (A and B) Before immersion, and (C and D) after 1 d immersion at pH 7. In (A), the strength (mean ± sd; n = 6) at 0% and 10% NACP were significantly higher than that at 20% NACP (p < 0.05). The strengths of the two commercial materials were not significantly different from any of the NACP composites (p > 0.1). Vitremer had a significantly (p < 0.05) higher elastic modulus than the other materials (B). After 1 d immersion (C), the strength of each material was not significantly lower than that before immersion, except for Vitremer which showed a significant decrease (p < 0.05).
Ca and PO 4 ion release are plotted in Figs. 3 and 4 , respectively, at 10%, 15% and 20% NACP. Note the y-scale difference in order to show the data points with clarity. Increasing the NACP filler level increased the ion release. For example, at 28 d and pH 4, the Ca release was (4.66 ± 0.05) mmol/L at 20% NACP, much higher than (0.53 ± 0.11) at 15% NACP, and (0.33 ± 0.08) at 10% NACP (p < 0.05). Decreasing the solution pH significantly increased the ion release. At 20% NACP, for example, the PO 4 release at 28 d was (1.84 ± 0.12) mmol/L at pH 4, significantly higher than (0.59 ± 0.08) at pH 5.5, and (0.12 ± 0.01) at pH 7 (p < 0.05).
The composite mechanical properties after immersion for 28 d at different pH are shown in Fig. 5 . In (A), for each material, varying the pH from 4 to 7 did not significantly change the strength (p > 0.1). Flexural strength at 15% NACP was (96 ± 13) MPa at pH 4, similar to (89 ± 13) MPa at pH 5.5, and (89 ± 19) MPa at pH 7 (p > 0.1). Among the materials, nanocomposites with 10% and 15% NACP had the highest strengths. Heliomolar and nanocomposite with 20% NACP had similar strengths, and Vitremer had slightly lower strengths.
Discussion
Extensive efforts have been undertaken to improve the performance of tooth cavity restorations [36] [37] [38] [39] [40] [41] [42] [43] . Secondary caries currently limits the lifetime of composite restorations [14] [15] [16] [17] [18] [19] , hence it is highly desirable clinically to stabilize or regress tooth decay. Demineralization refers to the dissolution of calcium and phosphate ions from the tooth structure into the saliva, while remineralization refers to the mineral precipitation into the tooth structure [44, 45] . Although saliva contains calcium and phosphate ions, the remineralization of tooth lesions can be significantly promoted by increasing the solution calcium-phosphate concentrations to levels higher than those in natural oral fluids. Therefore, an important approach to the inhibition of demineralization and the promotion of remineralization was to develop calcium-phosphate composites [20, 22, 24] . These composites released Ca and PO 4 ions to supersaturating levels with respect to tooth mineral, and was shown to protect the teeth from demineralization, or even regenerate lost tooth mineral in vitro [22, 27] . To achieve such ion release, previous studies have used micronsized ACP [20] , micron-sized tetracalcium phosphate [TTCP: Ca 4 (PO 4 ) 2 O]) and DCPA [22] , and DCPA nanoparticles [24, 25] as fillers in the resins. The present study is the first report on the development of nano-sized ACP composite.
A major advantage of the NACP composite was that high levels of Ca and PO 4 release was achieved at relatively low NACP filler levels because of the high surface area of the nanoparticles. The NACP particles of the present study had a specific surface area of 17.76 m 2 /g. In comparison, the specific surface area for previous ACP particles was 0.5 m 2 /g [26] . The new NACP particle size of 116 nm was 64-fold smaller than the reported 7.4 µm of traditional ACP particles [26] , and 474-fold smaller than the reported 55 µm ACP particles [27] . The new nanocomposite with a low filler level of 20% NACP released Ca and PO 4 to concentrations comparable with those of previous CaP composites [20, 22] . This left room in the resin for significant amount of reinforcing, non-releasing, glass fillers. This method enabled the nanocomposite to rely on the stable glass fillers, not the releasing CaP fillers, for mechanical strength. As a result, the NACP composite with high levels of ion release possessed mechanical properties matching or exceeding those of a commercial composite with little ion release.
For comparison, the flexural strength of a previous ACP composite was approximately 30 MPa after 2 weeks of immersion [26] . This was consistent with a reported flexural strength of about 30 MPa for another resin containing calcium phosphate fillers after 90 d immersion [23] . These strengths were similar to the strength of Vitremer measured in the present study after 28 d immersion, suggesting that these previous CaP-filled resins might be useful in restorations where Vitremer is placed. The new NACP nanocomposite of the present study had flexural strengths of 60-120 MPa after immersion in solutions of pH 4, 5.5 and 7 for 28 d. Therefore, the new NACP nanocomposite had strengths of at least 2-fold that of the previous ACP composite.
The new NACP nanocomposite had mechanical properties that matched and exceeded those of a commercial composite with little ion release (Heliomolar). As shown in Fig. 5 , after 28 d of immersion, the nanocomposites with 10% and 15% NACP had higher strengths and higher elastic moduli than Heliomolar. Therefore, they are promising to survive in restorations where Heliomolar is being used. According to the manufacturer, Heliomolar is indicated for Class I and II posterior restorations, Class III and IV anterior restorations and Class V restorations. The new nanocomposites may also be suitable for these applications, with an important additional benefit of Ca and PO 4 ion release to inhibit caries. Hence, combining NACP with glass fillers yielded nanocomposites with a combination of Ca and PO 4 release and stress-bearing properties, which may help reduce secondary-caries and restoration fracture. However, while the flexural strength and elastic modulus of the NACP nanocomposites are promising, further studies on their wear properties, color stability, fatigue resistance and long-term durability need to be performed, before these new nanocomposites can be proposed as load-bearing cavity filling materials.
To aid in the discussion on the effect of NACP filler level on ion release, the Ca and PO 4 concentrations at 28 d are plotted in Fig. 6 . It shows that when the NACP content was increased from 10% to 15%, there was a moderate increase in ion release. However, further increase to 20% NACP resulted in dramatically higher ion release. Hence, the Ca and PO 4 release increased with NACP filler level at a rate faster than being linear. This is consistent with a previous study on the relationship between the amount of ion release and the dicalcium phosphate filler level in nanocomposite [25] . The first factor that contributed to the ion release was the ion source, i.e., the NACP fillers in the resin. It is expected that increasing the filler level would increase the ion source and hence the ion release. The second factor was that when the NACP content in the resin was increased, it not only increased the source of release, it also increased the amount of interfaces in the resin. The interface between the NACP particles and the resin served as relatively easier passageways for water to diffuse in, and ions to diffuse out. The third factor was that increasing the filler surface area due to the nanoparticles would moderately decrease the polymerization conversion, likely due to a higher concentration of air on the filler surfaces which decreased the conversion [35] . For example, a previous study showed that a nanocomposite with nanoparticles having a diameter of 112 nm at a nanoparticle:whisker ratio of 1:1 had a degree of polymerization conversion (DC) of 69.6%, measured using a Fourier Transform Infrared Spectrometer [35] . However, when these nanoparticles were replaced by traditional particles of a diameter of 0.88 µm, the DC was increased significantly to 75.4% (Table 2 in Ref. 35 ). This was attributed to the nanoparticles having a higher surface area than the traditional particles, hence likely having a higher concentration of air on the filler surfaces resulting in a slightly lower DC. In the present study, when the NACP filler level was increased from 10% to 20%, there was also an increase in the filler particle surface area. Based on these three factors, when the NACP filler level was increased, there was not only more source for ion release, there was also enhanced diffusion of water and ions through the resin due to a higher filler-resin interfacial area and lower polymerization conversion. These factors likely contributed to the observation that the Ca and PO 4 release increased with NACP filler level at a rate faster than being linear.
Another key factor on ion release is the pH. In the oral cavity, a local plaque pH of above 6 is the safe zone, pH of 6.0 -5.5 is potentially cariogenic, and pH of 5.5 -4 is the cariogenic or danger zone [46] . The present study showed that the new NACP composites were "smart" and greatly increased the Ca and PO 4 release when the pH was reduced from neutral to a cariogenic pH of 4. There was a 5-10 fold increase in ion release as the pH was lowered from 7 to 4, when these ions are most needed for caries inhibition. The immersion for 28 d in solutions of pH 7, 5.5, and 4 reduced the mechanical properties of the composites, compared to those before immersion. However, as long as the specimens were immersed, pH variation from 4 to 7 did not have a significant effect on the mechanical properties. For every material tested, the flexural strength and elastic modulus were not significantly different among the three different pH values.
The NACP nanocomposites have potential for a range of tooth cavity restorations. For example, they could be used in load-bearing restorations for which the current CaP composites and resin-modified glass ionomer restoratives are inadequate. In addition, as the release of Ca and PO 4 ions could remineralize existing lesions, the NACP composites could also be used in treatments where complete removal of caries tissue is contra-indicated, in teeth where carious lesions are beginning to occur, and for patients at high risk for dental caries including those receiving radiation treatments or with dry mouth. Furthermore, the NACP composites could be used in combination with fluoride-releasing dentifrices and mouthrinses, which could enhance the caries-inhibition and remineralization efficacy via the formation of fluoroapatite with increased resistance to acid attacks. Further research is needed to investigate these applications.
Conclusion
The present study developed NACP composites for the first time, and determined the effects of NACP filler level, glass reinforcement, and solution pH on Ca and PO 4 release and mechanical properties. The nanoparticles with a high surface area enabled the composite to have high levels of ion release at low filler levels, thereby making room in the resin for significant amounts of reinforcement fillers. This resulted in the NACP composite to possess flexural strength and elastic modulus that matched or exceeded those of a commercial loadbearing composite with little ion release. The Ca and PO 4 release greatly increased with NACP filler level. The nanocomposites were "smart" to dramatically increase the ion release at a cariogenic pH 4, when these ions would be most needed to inhibit caries. Decreasing the solution pH to 4 did not decrease the composite mechanical properties compared to those immersed at pH 7. The Ca and PO 4 release from the NACP composite matched those of previous CaP composites known to remineralize tooth lesions, while the mechanical properties of the NACP composite were 2-fold higher. Therefore, the new NACP nanocomposite may have potential for stress-bearing and caries-inhibiting restorations. Ca ion release from the nanocomposite filled with: (A) 10% NACP and 65% glass, (B) 15% NACP and 60% glass, and (C) 20% NACP and 50% glass. Ca ion release increased with increasing the immersion time and the NACP filler level. Ca release increased with decreasing the solution pH. Each value is the mean of three measurement, with the error bar showing one standard deviation (mean ± sd; n = 3). Effect of NACP filler level on ion release from nanocomposite. Ca and PO 4 concentrations (mean ± sd; n = 3) at 28 d are plotted vs. NACP filler level. The ion release increased with NACP filler level at a rate faster than being linear, suggesting that the higher ion release resulted from not only an increase in the source of release, but also a higher interfacial area in the composite facilitating the water diffusion and ion release.
